In the Diabetes Prevention Program, treatment of subjects with impaired glucose tolerance with metformin >3.2 years reduced the risk of developing type 2 diabetes by 30% compared with placebo. This study describes the mechanisms of this effect. In proportional hazards regression models with 2,155 subjects, changes in weight, the insulinogenic index (IGR), fasting insulin, and proinsulin were predictive of diabetes, though to different degrees within each group. The mean change in weight, fasting insulin, and proinsulin, but not IGR, differed between groups during the study. The 1.7-kg weight loss with metformin versus a 0.3-kg gain with placebo alone explained 64% of the beneficial metformin effect on diabetes risk. Adjustment for weight, fasting insulin, proinsulin, and other metabolic factors combined explained 81% of the beneficial metformin effect, but it remained nominally significant (P ‫؍‬ 0.034). After the addition of changes in fasting glucose, 99% of the group effect was explained and is no longer significant. Treatment of high-risk subjects with metformin results in modest weight loss and favorable changes in insulin sensitivity and proinsulin, which contribute to a reduction in the risk of diabetes apart from the associated reductions in fasting glucose. Diabetes 56:1153-1159, 2007 I n the Diabetes Prevention Program (DPP), lifestyle intervention reduced the risk of confirmed type 2 diabetes by 55% relative to placebo (1), most of this effect being explained by the resulting changes in body weight (2). Treatment with metformin led to reductions in body weight and favorable changes in other metabolic factors and reduced the risk of diabetes versus placebo by 30% (1,3) .
I
n the Diabetes Prevention Program (DPP), lifestyle intervention reduced the risk of confirmed type 2 diabetes by 55% relative to placebo (1), most of this effect being explained by the resulting changes in body weight (2) . Treatment with metformin led to reductions in body weight and favorable changes in other metabolic factors and reduced the risk of diabetes versus placebo by 30% (1, 3) .
Univariate analyses show that changes in weight and metabolic factors over the 1st year of follow-up are associated with diabetes risk (3) . This study evaluates the association between changes in weight, metabolic factors, and other factors, over the complete 3.2 years of followup, with the risk of diabetes among those treated with metformin versus placebo and the extent to which these factors explain the beneficial effects of metformin on the risk of diabetes.
RESEARCH DESIGN AND METHODS
The DPP was a randomized clinical trial of 3,819 participants with elevated fasting plasma glucose (FPG) and impaired glucose tolerance (IGT) followed for an average of 3.2 years; 1,079 were assigned to lifestyle intervention, 1,073 to metformin, and 1,082 to placebo. Eligibility criteria and study design were previously described (4) . Elevated FPG confers high risk of diabetes among those with IGT (5,6). Measurements. All laboratory measurements were performed centrally: FPG and A1C every 6 months and plasma glucose, total immunoreactive insulin, and proinsulin annually during a 75-g oral glucose tolerance test (OGTT). Diabetes onset was detected by an OGTT at an annual visit, or by a semi-annual fasting glucose level, with confirmation on a second test within 6 weeks (4) using the American Diabetes Association criteria (5) . Insulin sensitivity was measured by the fasting insulin (7, 8) ; insulin release was measured by the insulinogenic index: IGR ϭ (I 30 Ϫ I 0 )/(G 30 Ϫ G 0 ) using timed OGTT insulin and glucose (9) .
Weight was measured every 6 months; waist and hip circumference were measured annually. A modified block food frequency questionnaire was administered at baseline and 1 year (10, 11) and nutrition intake provided by the Nutrition Data System (University of Minnesota, Nutrition Coordinating Center). Analyses herein used percent of calories from fat. The Modifiable Activity Questionnaire provided annualized MET hours per week of leisure activity (12) . The Low-Level Physical Activity Recall provided habitual physical activity for the preceding week (13) . Both were administered annually. Statistics. Analyses were conducted using SAS. Mean differences between groups were tested using the t test, within groups using the paired t test, and differences in proportions using the contingency 2 test. Spearman's partial correlations were adjusted for sex (14) . The normal errors longitudinal regression model (15) assessed the differences between groups in the mean change from baseline up to the time of diabetes onset or the last visit, adjusting for the baseline value.
The Peto-Breslow discrete-time Cox proportional hazards model assessed covariate effects on the diabetes onset risk (hazard) (16, 17) . The Wald test provided P values and R 2 values for individual covariates (except in Table 3 ), and the likelihood ratio test tested those for the combined model. Madalla's partial R 2 described the proportion of variation in risk of diabetes explained by a covariate (17) , expressed as a percentage. The portion of the beneficial metformin effect explained by another factor(s) was obtained as the percentage change in the group R 2 value without, and then with, adjustment for the other factor(s). Effects nominally significant at P Յ 0.01 are cited, with no adjustment for multiple tests, corresponding to R 2 Ն 0.64% in either group.
RESULTS
Baseline characteristics. There were no significant differences between treatment groups at baseline (Table 1) : 68% were women, the mean age was 51 years, and 55% were Caucasian, 21% African American, 15% Hispanic, 5% American Indian, and 4% Asian American, by self-report. Treatment effects. Among the 1,082 placebo-treated participants, 76.5% complied at least 80% with the medication regimen versus 71.5% of the 1,073 metformin-treated participants (1) (P Ͻ 0.001), with 85.4 and 81.8%, respectively, taking at least some coded study medication (P ϭ 0.160). The estimated cumulative incidence of diabetes at 3 years was 28.9% in placebo-treated participants versus 21.9% with metformin, with a corresponding risk (hazard) reduction of 30% (95% CI 16 -41%, P Ͻ 0.0001) with metformin. In the placebo group, 41.1% of the 304 diabetes cases were initially diagnosed by an FPG value compared with 28.9% of the 225 cases in the metformin group, 40.5 vs. 56.0% were diagnosed by a 120-min postload glucose, and 18.4 vs. 15.1% were diagnosed on both fasting and 2-h glucose values (P ϭ 0.0016). Table 1 also presents the average change from baseline for time-dependent quantitative factors up to the time of diabetes onset or the last visit, adjusted for the baseline value. On average over the study, metformin-treated subjects lost 1.72 kg from baseline, versus a gain of 0.29 kg among those treated with placebo, and also showed greater reductions in other measures of adiposity, with no differences between groups in measures of activity or dietary change.
The fasting glucose rose from baseline in the placebo group but fell in the metformin group (P Ͻ 0.0001). The 30-min glucose rose somewhat less in the metformin group, and the 120-min glucose fell in both groups. There was no group difference in levels of IGR. Metformin also significantly improved the fasting insulin (insulin sensitivity) and also improved the 30-min insulin and fasting proinsulin levels compared with placebo.
Intercorrelations among measures did not preclude fitting multivariate models. Interestingly, there was no correlation between the baseline weight and the change in weight over time or between weight change and change in IGR ( ͉r͉ Յ 0.04 in both groups). Changes in FPG over time had modest correlation with weight over time (0.29 in metformin, 0.28 in placebo) but not with IGR (Ϫ0.03, Ϫ0.07, respectively). Baseline models. In initial models (not shown) within each group, among the measures of adiposity, weight and waist circumference had equal, if not stronger, effects than did BMI on risk of onset of diabetes. Neither BMI nor height had a significant effect when adjusted for weight or waist circumference.
In the placebo group, a baseline model including sex, age, ethnicity, body weight, fasting glucose, 120-min glucose, A1C, fasting insulin, and fasting proinsulin, the IGR, recreational activity, leisure activity, and percent calories from fat explained R 2 ϭ 20.2% (P Ͻ 0.0001 on 13 degrees of freedom [df] ). The dominant baseline factor was the fasting glucose with R 2 ϭ 8.9%, followed by 120-min glucose (1.7%), A1C (1.7%), and IGR (0.8%). Other effects were not nominally significant.
The model in the metformin group had R 2 ϭ 13.4% (P Ͻ 0.0001 on 13 df). Fasting glucose was much less important than in the placebo group, with R 2 only 1.4%, whereas the 120-min glucose was more important with R 2 ϭ 2.9%. The IGR and A1C were nominally significant with R 2 ϭ 1.4% and 1.5%, respectively. Demographic factors and baseline Data are means Ϯ SE. *There were no significant differences (P Ͻ 0.10) between the metformin and placebo participants in any variables at baseline. †Mean change from baseline within a group is significantly different from zero at P Ͻ 0. dietary or leisure activity measures were not significant in either group. Individual time-dependent covariate models. Table 2 separately presents the effects of individual time-dependent covariates on diabetes risk in each group, adjusted for baseline factors. Within both groups, weight loss was the principal measure of the effect of adiposity on risk of diabetes, with R 2 ϭ 5.8% with placebo and 3% with metformin therapy. These R 2 values were at least as great as those for the percentage change in weight, slightly more than change in BMI, and substantially more than waist circumference, as well as waist-to-height ratio and waistto-hip ratio (not shown), the latter not significant in either group.
Within the placebo group, increases in proinsulin had a slightly stronger effect on risk (R 2 ϭ 6.2%). Increases in fasting insulin had R 2 ϭ 2.4%, and decreases in IGR had R 2 ϭ 0.6%. Within the metformin group, similar changes in proinsulin levels had R 2 ϭ 2.3%, fasting insulin 2.0%, and IGR 2.1%. Within both groups, the effect of a decrease in IGR on the risk of diabetes, when also adjusted for changes in fasting insulin, was unchanged and vice versa. Changes in leisure exercise, recreational activity, and dietary factors were not significant in either group.
Within each group, fasting glucose over time is the strongest predictor of the risk of diabetes, there being ϳ150 -170% increase in risk per millimole per liter increase in FPG, with a higher R 2 value in the placebo than in the metformin group, 25 vs. 14%, respectively. Multivariate models. Table 2 also presents the effects of the major covariates in a single model but without fasting glucose over time so as to assess the effects of other mechanisms on diabetes risk.
The placebo group model explains R 2 ϭ 27.2% of the variation in diabetes risk. Baseline fasting glucose (not shown) was the principal factor, there being a 4.1-fold increase in diabetes risk per millimole per liter greater baseline glucose level with partial R 2 ϭ 10.2% (adjusted for other factors). There is a 10% increase (9% decrease) in risk per kilogram mean increase (decrease) in body weight from baseline with R 2 ϭ 3.9%. The increase in proinsulin explains R 2 of ϳ2%. The baseline 2-h glucose, baseline A1C, and baseline IGR are also nominally significant, each with R 2 Ͻ 1.5%. The metformin group model has R 2 ϭ 19.8%. The fasting and 2-h glucose at baseline and change in weight over time are nominally significant, each with R 2 Ͻ 2.7%. The IGR at baseline has R 2 ϭ 3.1% (not shown) and the current value during follow-up R 2 ϭ 2.6%; neither effect diminished by the multivariate adjustment. The baseline insulin was nominally significant, and the change in fasting insulin approached significance.
Within each group, the hazard ratio (HR) per kilogram increase in body weight is reduced slightly after adjustment for other factors, but the strength of the effect is reduced substantially (R 2 ϭ 5.8 and 3.0% [unadjusted] 3.9 and 1.7% [adjusted] in the placebo and metformin groups, respectively), principally due to adjustment for metabolic factors. This suggests that changes in metabolic factors mediate part of the effect of weight change on diabetes risk.
In each group, the effect of changes in IGR remains largely unchanged after adjustment for the other metabolic factors (model not shown). However, the effect of the fasting insulin over time is markedly reduced (R 2 ϭ 2.4 vs. 0.4% in placebo and 2.0 vs. 1.0% in metformin), as is that of proinsulin over time (R 2 ϭ 6.2 vs. 3.4% in placebo and 2.3 vs. 1.3% in metformin). Additional adjustment for weight change (Table 2) further dilutes the proinsulin effect (R 2 ϭ 3.4 vs. 2.0% in placebo and 1.3 vs. 0.6% in metformin), but the other metabolic factors are largely unaffected.
There were no significant interactions among covariates in the placebo group. In the metformin group, there was an interaction between the on-study change in the IGR and that of proinsulin and insulin, each with R 2 Ͻ 1.1%, such that as the proinsulin or the insulin decreased, the effect of a change in IGR on risk increased. While statistically significant, these interactions have negligible effect on the overall relationship of diabetes risk with changes in IGR. Risk gradients. Figure 1 presents risk gradients to depict the partial effect of each covariate on the absolute risk of diabetes within each group, adjusted for other factors, based on the multivariate models in Table 2 , with symbols , and the baseline value of the covariate (except for percent change in weight). The effects of recreational activity, leisure activity, and percent calories from fat over time were not significant at P Յ 0.01 in either group. †Multivariate models are also adjusted for age, sex, and ethnicity; for baseline weight, recreational activity, percent calories from fat, and proinsulin levels; and for baseline and on-study levels of leisure activity. None of these effects were nominally significant at P Յ 0.01 in either group.
for the quartiles of the distribution of the covariate. The slope of the risk gradient for a covariate (on the log scale) is determined by the covariate's adjusted HR. The distributions (quartiles) of the baseline fasting glucose did not differ between groups (Fig. 1A) . However, the diabetes HR per unit change in the baseline fasting glucose level is significantly (P Ͻ 0.0001) greater in the placebo than in the metformin group, and, thus, the risk gradients differ. The distributions of the baseline 120-min postload glucose, and the risk gradients (Fig. 1B) , did not differ.
Weight loss was greater in the metformin than in the placebo group, and the risk gradient is somewhat, but not significantly, greater in the placebo than the metformin group (Fig. 1C) . While there was little difference between groups in the levels of the IGR during the study (Table 1) , changes in IGR in the placebo group had a negligible (though significant) effect on risk, whereas in the metformin group, the risk increases as the index (insulin secretion) decreases (Fig. 1D) , with the HRs differing significantly between groups (P Ͻ 0.0001).
Although the fasting insulin levels during the study differed significantly between groups (Table 1) , the risk increases in both groups at the same rate as the insulin levels increase (insulin sensitivity decreases) (Fig. 1E) . At every level of insulin, the risk is less in the metformin than in the placebo group. The risk gradients for change in proinsulin are similar within each group, and there were greater decreases in proinsulin in the metformin than in the placebo group (Fig. 1F) . Explaining the metformin effect. The preceding analyses describe the effects of covariates on risk of diabetes within each group. Additional models (Table 3) within both groups combined assessed the extent to which these factors, individually and in combination, represented the mechanism(s) by which metformin reduced the risk of diabetes. For a factor to explain the beneficial metformin effect versus placebo in these models, the factor must differ between groups during treatment ( Table 1 ) and must also be associated with diabetes risk within both groups combined (Table 3) . Adjusting only for baseline covariates, metformin is associated with an HR of 0.645, or a 35.5% risk reduction versus placebo, with a 2 test value 23.70 and a corresponding R 2 ϭ 1.15%. Other than leisure activity, each of the principal time-dependent covariates was highly significant when evaluated individually. Adjustment for change in body weight alone explains 64% of the beneficial metformin versus placebo effect (group R 2 ). Proinsulin alone explains 44% and fasting insulin explains 25% of the metformin-placebo group effect. While changes in IGR have an effect on diabetes risk within both groups, the on-study changes in IGR did not differ substantially between groups (Table 1) , and, thus, the changes in IGR explain only 4% of the beneficial metformin-placebo effect. However, the group effect remained nominally statistically significant after adjustment for each of these factors individually, so that no one covariate alone completely explained the beneficial effect of metformin versus placebo on diabetes risk.
In a joint multivariate model (Table 3) , all on-study covariates (other than glucose) simultaneously explained 81% of the beneficial metformin-placebo effect. Weight remains the primary covariate, explaining 30% of the metformin-placebo effect, indicating that some, but not all, of the group effect explained by weight is also explained by its intercorrelation with other factors. However, in this joint model, the group effect remains nominally significant, indicating that these factors together do not capture all of the mechanisms by which metformin affects diabetes risk.
In an additional model, the change in fasting glucose alone explained 79% of the metformin-placebo group effect, and the group effect is no longer significant. A model with all covariates including fasting glucose explained 99% of the metformin-placebo group effect, with the dominant factors being fasting glucose, which contributes to explaining 17% of the joint covariate effects on the metformin-placebo effect, and weight, which contributes to explaining 8% of this effect; each was adjusted for the other, as well as other factors.
DISCUSSION
In the DPP, metformin versus placebo reduced the risk of developing type 2 diabetes by 30% over an average of 3.2 years of follow-up in 2,155 individuals with IGT who were at high risk of developing diabetes due to having elevated fasting glucose and being overweight (1). Metformin was 98.6 *Models adjusted for baseline age, sex, ethnicity, fasting glucose, 2-h glucose, A1C, recreational activity, percent calories from fat, and the baseline value of all time-dependent covariates. R 2 values are based on likelihood ratio tests. †Covariate effect adjusted for baseline covariates in the combined groups, not adjusted for treatment group. ‡Not adjusted for fasting glucose over time. §Adjusted for fasting glucose over time. For example, if weight was removed from the model, the remaining covariates, including glucose, would explain 98.6 -7.9 (90.7%) of the beneficial metformin effect. ʈHR for an increase of 10 units. associated with modest weight loss and favorable changes in insulin sensitivity and insulin secretion over the 1st year of follow-up, each of which were shown to be associated with a reduction in the risk of diabetes in univariate analyses (3) . Herein, we assess the joint effects of weight loss and changes in insulin resistance and secretion over the complete follow-up period, without and with adjustment for changes in blood glucose, on diabetes risk in the metformin and placebo groups. We also assess the extent to which changes in these factors explain the metformin versus placebo group difference in diabetes risk. Metformin effects on glucose. Excess hepatic glucose production in the fasting state is a prominent feature of uncontrolled type 2 diabetes and the major cause of fasting hyperglycemia. During the DPP, metformin significantly decreased fasting glucose, but not the 120-min glucose, compared with placebo. This was in keeping with the known effects of metformin to suppress hepatic glucose production, leading to reduced fasting glucose, with a lesser effect on the 2-h glucose, which is more dependent on peripheral uptake of glucose (18 -20) . As a result, proportionately fewer metformin-treated participants were diagnosed with diabetes on the basis of the fasting glucose than those treated with placebo (29 vs. 41%, respectively). This suggests, therefore, that metformin reduces the risk of type 2 diabetes by suppressing the abnormal fasting hepatic glucose production as diabetes develops.
The baseline fasting glucose is the strongest predictor of diabetes onset in the placebo group, explaining R 2 ϭ 10.2% of the variation in risk, whereas the baseline 2-h glucose explained only R 2 ϭ 1.4% (Table 2 ). However, in the metformin group, the baseline fasting glucose is far less predictive of diabetes onset due to the reductions in fasting glucose with metformin treatment, explaining only R 2 ϭ 1.2%, which is less in fact than the baseline 2-h glucose with an R 2 ϭ 2.7%. Further, the metformin effect on risk, compared with placebo (Fig. 1A) , increases as the fasting glucose increases, with minimal effect at the lower levels of glucose, as shown previously in subgroup analyses (1) . This suggests that metformin might be less effective in individuals with normal fasting glucose, even if they had IGT, although this could not be assessed in the DPP.
However, the reduction in diabetes risk with metformin is not wholly attributable to an acute pharmacologic effect on glucose levels. While a higher proportion of metformintreated participants than placebo-treated participants were diagnosed with diabetes after the 1-to 2-week washout of study medication usage (7.2 vs. 5.0%, respectively, P ϭ NS), the overall risk reduction with metformin after the washout remained significant (21) . Weight. Metformin produced a significant average weight loss of 1.72 kg versus a gain of 0.29 kg in the placebo group, an effect not observed with other oral antihyperglycemic agents or insulin.
In both groups, among the various measures of adiposity (Table 2) , the absolute change in body weight was a stronger determinant of risk than waist circumference or waist-to-hip ratio and slightly stronger than BMI. Further analyses showed that in both groups, the effects of change in weight did not differ among the ethnic groups, either by sex or categories of age.
The effect of weight change on diabetes risk is similar in the two groups (Fig. 1C) , and the relative risks (Table 2) correspond to ϳ9% risk reduction per kilogram weight loss, with R 2 Ͻ 4%. These are less than that observed in the lifestyle group (2) with a 16% risk reduction (95% CI 13-19%) per kilogram weight loss, and R 2 ϭ 5.7%. Thus, a given amount of weight loss achieved through dietary changes and modest exercise in the lifestyle group has a greater reduction in diabetes risk than the same amount of weight loss achieved through metformin therapy or placebo. This could in part be due to the greater magnitude of weight loss with lifestyle therapy (or differential loss of fat or intra-abdominal fat or change in muscle mass) or other beneficial effects of the lifestyle intervention.
The net 2-kg difference in weight between metformin versus placebo therapy appears to be a pharmacologic effect of metformin since there were no differences between groups in measures of exercise, caloric intake, or fat intake. Insulin resistance and secretion. While metformin primarily reduces plasma glucose concentrations, it has important but lesser effects on peripheral insulin sensitivity (19) and secretion (Table 1) .
In both groups, fasting insulin individually had modest effects on diabetes risk but small effects after adjustment for other factors ( Table 2 ). The effect of the IGR on diabetes risk was greater in the metformin group before and after adjustment for other factors (Table 2 ). Since the groups did not differ substantially in the IGR values over time (Table 1) , this factor explained little of metformin effect on diabetes risk (Table 3) .
After adjustment for these metabolic factors, the effect of change in body weight was reduced from R 2 ϭ 5.8 to 3.9% in the placebo group, and from R 2 ϭ 2.5 to 1.7% in the metformin group, suggesting that part of the effect of weight loss on risk in each group is mediated by accompanying increases in insulin secretion (IGR). Proinsulin. Fasting proinsulin had an effect as strong, if not stronger, than did fasting insulin on the risk of diabetes (Table 2) . Proinsulin is the precursor of insulin that is cleaved within the ␤-cell and released at the time of exocytosis from the cell (22, 23) . The association of proinsulin with diabetes risk could arise because it has a longer half-life than insulin, and ␤-cell products are released in pulses. Thus, proinsulin may have provided a better estimate of insulin sensitivity than the fasting insulin itself. However, proinsulin release relative to insulin is greater in subjects with type 2 diabetes compared with healthy subjects due to differences in ␤-cell function (23) , and proinsulin may be less relevant in groups with different degrees of glucose intolerance. Explaining the metformin effect. Differences between the treatment groups in weight, metabolic factors, and fasting glucose levels over time explained 99% of the reduction in risk with metformin versus placebo ( Table 3) . The group differences in changes in fasting glucose over time alone explained 79% of the beneficial effect of metformin on diabetes risk versus placebo, followed by weight loss (64% alone) and proinsulin (44% alone). The percent explained by each covariate was reduced when all covariates were used jointly. Thus, for example, group differences in weight explain 7.9% of this group effect when also adjusted for fasting glucose and other factors. Likewise, the percent explained by changes in glucose is reduced from 79 to 17% after adjustment for weight and other factors. Thus, some of the beneficial metformin effect explained by each factor alone was also reflected in the fractions explained by other covariates.
Limitations. Fasting insulin did not show strong effects on diabetes risk in these analyses. While more precise measurements of insulin sensitivity are available, the DPP did not collect the data necessary to compute them, other than homeostasis model assessment (HOMA). Fasting insulin, however, has been shown to be strongly related to insulin resistance (7) . We have also computed the HOMA measure of insulin resistance [(fasting insulin ϫ fasting glucose/18)/22.5]; however, HOMA showed no superiority to fasting insulin in these analyses.
Likewise, it is well documented that insulin release as measured by the IGR is a major factor in the determination of glucose tolerance (24) and thus is an appropriate measure of insulin secretory capacity.
Metformin may also have effects on endothelial function, peripheral insulin resistance, and vascular function, among others, that may influence diabetes risk that were not measured in the DPP and could not be assessed in these analyses.
In conclusion, treatment of subjects with IGT and at high risk of diabetes using metformin produced modest weight loss and favorable changes in insulin sensitivity and proinsulin relative to the placebo group. Further, these factors are strongly associated with the risk of diabetes onset; favorable effects of metformin on these factors, particularly the nearly 2 kg difference in change in weight with metformin versus placebo, in turn contribute to the reduction in the risk of diabetes. While the reduction in fasting glucose with metformin explains most of the reduction in risk with metformin, weight and other factors explain 81% of the metformin versus placebo group effect, and all factors including fasting glucose explain 99% of this treatment effect.
